Abstract. Temperatures and albedos derived from satellite imagery are combined with a thermodynamic ice model to estimate thin ice thickness distributions over the Beaufort and the northern Greenland seas. The study shows that thin ice (thinner than 1 m) occupied over half the area in the seasonal ice zones in November and December of 1990 but dropped significantly in April 1991; the Beaufort Shelf showed the largest seasonal change. The aggregate properties of surface salt flux and compressive ice strength, both strongly dependent on the thin end of the ice thickness distribution, were estimated with data from advanced very high resolution radiometer to reveal the spatial and temporal variations over a large scale. The salt flux from growing thin ice was 1-2 orders of magnitude larger on the Beaufort and Greenland Shelves than in the deep basins. On the shelves, flux from thin ice accounted for over 90% of the total surface salt budget. These satellite-derived estimates provided detailed spatial information on salt flux, which can be of great use in studies of surface patterns of salinity forcing and shelf-basin interaction. Also revealed by the satellite data was the wide range in values of compressive strength, which affects how freely the ice cover can deform. Strengths were low in early winter and in seasonal ice zones and nearly doubled in spring. Both thin ice fraction and compressive ice strength estimated from satellite imagery were in good agreement with those simulated by a coupled ice-ocean model.
Introduction
Monitoring the seasonal and interannual behavior of sea ice properties with NOAA satellites is both an opportunity and a challenge. The opportunity arises from twice daily overpasses, which provide excellent coverage of the polar ocean. The challenge lies with the surface being sampled. Sea ice appears radiometrically similar in the imagery of advanced very high resolution radiometer (AVHRR), making it difficult to monitor, for example, the mass of the sea ice cover. Compromises in which useful ice properties match what satellites can distinguish must be made.
One useful property is the surface area and thickness of thin ice, defined here as ice with thickness <1 m. In winter, thin ice has a warmer surface and appears darker than the surrounding thicker ice; these thermal contrasts form the basis for the approach followed in this paper. An example of a clear-sky AVHRR image over the southern Canada Basin shows the leads as linear, dark red and orange features that are 10ø-20øC warmer than the thick floes (Plate 1). Since thin ice in leads responds rapidly to changes in wind and temperature and is generally covered with no or little snow, the thickness of thin ice, not just its presence, can be inferred directly from the radiative surface temperature detected by the satellite.
Fortuitously, several aggregate properties are sensitive to thin ice and can be largely or completely determined by thin strength of the ice cover. Figure 1 shows an annual cycle of salt flux from both thin and thick ice. While the thick ice continues melting (negative salt flux) in September, thin ice grows vigorously as the air cools. The growing thin ice dominates the total salt budget until January, when thicker ice reaches the peak of its growth cycle. In the annual mean, brine rejection from thin ice is about 8 times larger than that from thicker ice, profoundly affecting the density structure of Maykut, 1985] . A positive flux denotes input of salt to the ocean mixed layer due to ice freezing, and a negative flux denotes input of fresh water due to ice melting. various thicknesses within an area; here our sample areas are taken to be roughly 200 km square. IN a study by Yu and Rothrock [1996] (hereinafter referred to as YR96), AVHRR measurements of surface temperature and albedo were combined with a one-dimensional thermodynamic ice model to estimate quantitatively the thickness of thin ice and its distribution. Comparisons with measurements from upward looking sonar (ULS) moorings showed that AVHRR-derived estimates were sufficiently accurate to resolve typical regional and seasonal changes in thin ice thickness distribution. Figure 3 is an example of AVHRR-derived thickness. Most of the thin ice is about 0.3 m thick and coincides with the lead system. In this example, thin ice accounts for about 30% of the total surface area along the transect.
We also describe how salt flux and ice strength depend on the thickness distribution and are particularly weighted to the thin ice portion of this distribution. We illustrate the AVHRR scenes used to estimate many thin ice thickness distributions and show how these distributions vary from area to area, how they vary between the Beaufort and the Greenland Seas, and how they change from early to late winter. Then we show that in many of these cases, considerable information about salt flux and strength can be deduced from the imagery. Finally, we compare AVHRR-derived ice strength with model simulations and show that it is important to retain adequate resolution of the thin end of the thickness distribution.
Data Description

AVHRR Data
The satellite data used in the study are from NOAA satellites 10 and 11. The AVHRR on NOAA 11 has five channels, ranging from visible to the thermal infrared: 0.58-0.65, 0.72-0.10, 3.55-3.93, 10.3-11.3, and 11.5-12.5 pm. On NOAA 10 the fifth channel repeats the window of channel 4. The sensor provides about 2900 km wide coverage, with a relative fine resolution of 1.1 km at nadir and 2.5 x 6.7 km at the edge of the swath. The AVHRR data were first calibrated and then warped onto a 1.1 km grid with a polar stereographic projection. Data from channels 1 and 2 were converted to reflectance, and data from channels 3, 4, and 5 were converted to temperature. Pixels at satellite scan angles larger than 45 ø were rejected to retain adequate ground resolution and to avoid the increased atmospheric attenuation. While various algorithms have been developed to screen clouds, no reliable algorithms have been developed so far for the Arctic dark season. Since half of the images used in the study were 
Regions of Interest
The white rectangular boxes in Figure 4 show our two study regions; each exhibits unique ice conditions. The Beaufort Sea, indicated by the upper box in Figure 4 , is bounded to the south by the shallow continental shelf, where first-year ice and leads predominate. Along the coast, landfast ice is common; its growth in winter depends largely on the surface air temperature. Away from the coast the ice cover becomes more mobile under the influence of both winds and currents. Ice motion creates large stresses and mechanical deformations, causing continual ridging and openings and thus creating new areas for ice to grow.
In the northern Greenland Sea, indicated by the lower box in Figure 4 , the thickness depends not only on the aging history of the ice but also on the origin of the ice in the Arctic Basin. Ice moving toward Fram Strait along the northeast Greenland coast is composed of many thick, deformed multiyear floes with locally heavy ridging, whereas the ice north of Spitsbergen and over the Yermak Plateau consists of thin, younger sea ice mostly formed on the shelves of the To determine quantitatively thin ice distribution from AVHRR imagery, thickness was estimated first at each satellite pixel and then all pixels in each scene were summed to compute the thickness distribution. We used a onedimensional thermodynamic ice model containing all components of surface turbulent heat and radiative fluxes. To examine further the large-scale variation of AVHRRderived thickness distribution, we grouped cells of each region into three zones (Table 1) 
Large-Scale Variations
As the salt flux strongly depends on ice growth, we first show in Table 4 The salinization of shelf water profoundly affects the Arctic halocline. As the salt releases during freezing, the surface mixed layer becomes denser than the underlying water. This gravitational instability promotes overturning of the water column, producing a well-mixed deeper subsurface layer. Through Ekman transport or coastal submarine channels this cold, dense shelf water will sink to the depth of equal salinity and later feed into the interior ocean [ 
where Cf is the ratio of total energy loss to potential energy change and typically is about 10-17; this constant accounts for the energy dissipation during ridging. The value of Cp is defined as a function of the acceleration due to gravity • and the densities of ice and water, pt and p•,:
Cp --0.
5(Pi / Pw)•(Pw -Pi). The ridging mode co(h) i s estimated as -a(h)g(h) + If l](h' ,h)a(h' )g(h' )dh' to(h) = lf[o•(h)x(h)-lf /3(h',h)o•(h')x(h')dh'ldh . (17)
The participation 
Spatial and Temporal Variations
We assume that the thinnest 10% of the ice participates in ridging and thus affects p*. This restriction requires that the cumulative distribution G(1 m) must be at least 10% for a surface area. We illustrate further (Figure 12 ) the relationship between p* and h*, which is defined similarly to Thorndike et al. [1975] as the characteristic thickness at which G(h*) is just below or at 10% (i.e., h* indicates the thickest ice that participates in ridging). Note that the spring p* values were all from the Greenland Sea. During the winter the ice strength was generally higher in the Beaufort Sea (solid circles) than in the Greenland Sea (solid triangles). Ice strength increased exponentially with h*, more rapidly when the characteristic thickness reached about 0.5 m. This pattern was more prominent in winter than in spring.
The variation of p* also depends largely on the shape of the thin ice thickness distribution. Figure 13 This suggests that a coarse resolution at the thin end of thickness distribution, as commonly adopted in the coupled ice-ocean models, could underestimate the variation in ice strength and thus the variability of ice motion.
